Introduction
============

The population of elderly persons is increasing worldwide and this trend is expected to continue, with a parallel increase in age-related diseases.^([@B1],[@B2])^ Aging without disease is important for maintenance of personal QOL (quality of life) and for development of society and the economy. Prevention of age-related diseases requires development of a better understanding of senescence.

The senescence-accelerated mouse (SAM) has a decreased lifespan due to acceleration of senescence caused by an age-related increase in lipid peroxidation.^([@B3],[@B4])^ Previously, we examined age-dependent changes in lipid peroxidation in SAMP10 mice and found that the levels of lipid peroxides in plasma and liver were significantly increased by aging.^([@B5])^ We also previously investigated the effect of intake of a large amount of fish oil on intravital lipid peroxidation and lifespan in SAMP8 mice, with the finding that the levels of lipid peroxides in plasma and liver were increased and lifespan was decreased by intake of fish oil.^([@B6])^

These findings indicate that lipid peroxidation and senescence are closely related, and that inhibition of accumulation of lipid peroxides will slow down senescence. That is, prevention of lipid peroxidation may delays senescence and increases lifespan. However, it is unclear if age-dependent promotion of lipid peroxidation is observed only in SAM mice. There are mouse strains with shorter lifespans in addition to SAM mice. The lifespan of the normal C57BL/6 mouse is about 2 years, but that of the Apolipoprotein E deficient (ApoE^−/−^) mouse is only about 1.5 years.^([@B7],[@B8])^ The ApoE^−/−^ mouse is widely used to study metabolic syndrome as an animal model of atherosclerosis,^([@B9],[@B10])^ but few studies have examined the effect of ApoE deficiency on senescence and lipid peroxidation. The ApoE^−/−^ mouse has various characteristics associated with aging, but further studies are needed to establish this mouse as an animal model of accelerated senescence.^([@B11])^

In this study, we examined whether lipid peroxidation is promoted by aging in ApoE^−/−^ mice. At 12--15 months of age, the ApoE^−/−^ mouse exhibits an age-related decline in presynaptic terminals in the hippocampus.^([@B12])^ Therefore, we defined the ApoE^−/−^ mouse at 13 months (52 weeks) of age to be in the early stage of senescence. We bred ApoE^−/−^ mice and examined the levels of thiobarbituric acid-reactive substances (TBARS), a biomarker of lipid peroxidation, in plasma and liver at ages 12 weeks (young) and 52 weeks (early stage of senescence). In addition, to examine changes in antioxidant capacity with aging, the protein and mRNA levels of antioxidant enzymes (superoxide dismutase, catalase, and glutathione peroxidase) were measured in liver at ages 12 and 52 weeks.

Materials and Methods
=====================

Animals and diets
-----------------

All procedures were performed in accordance with the Animal Experiment Guidelines of Tohoku University. The animal protocol was approved by the Animal Use Committee at Tohoku University.^([@B13])^ Female ApoE^−/−^ mice on a C57BL/6J background were obtained from The Jackson Laboratory (Bar Harbor, Maine). C57BL/6J (wild type, WT) mice were obtained from Japan Clea (Tokyo, Japan). Mice had free access to distilled water and fed ad libitum with standard diet (MF; Oriental Yeast, Tokyo, Japan). ApoE^−/−^ mice were sacrificed for analysis at age 12 weeks (12ApoE^−/−^) and 52 weeks (52ApoE^−/−^). WT mice were also sacrificed for analysis at age 12 weeks (12WT) and 52 weeks (52WT). The mice were housed in individual cages in a temperature- and humidity-controlled room with light cycles of 12 h on and 12 h off.^([@B14],[@B15])^ At the appropriate time point, the mice were sacrificed by decapitation, and the liver and plasma were collected and stored at −80°C until performance of assays.

TBARS assay
-----------

To examine oxidative stress caused by aging, the levels of TBARS in plasma and liver were determined as described previously.^([@B6],[@B16]--[@B18])^

Western blot analysis
---------------------

Western blot analysis was performed using antibodies that specially recognize proteins including catalase (CAT), glutathione peroxidase 1 (GPx1), superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), and β-actin as described previously.^([@B14])^ Livers were homogenized, and proteins were extracted. 10 µg of extracted protein was loaded for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblot analysis. The protein bands were then transferred to polyvinylidene fluoride membranes (Bio-Rad Laboratories, Hercules, CA). After being blocked of nonspecific sites, the membrane was probed with primary antibodies, followed by a horseradish peroxidase-conjugated secondary antibody (Abcam, Cambridge, MA). The detection of the antibody reactions was performed with ECL Western blotting Detection Reagents (GE Healthcare, Little Chalfont, UK). Each band was normalized by corresponding value of β-actin as an internal control. The antibodies used were anti-CAT (Sigma, St. Louis, MO), anti-GPx1 (Abcam), anti-SOD1 (Abcam), anti-SOD2 (Abcam), and anti-β-actin (Abcam).^([@B19]--[@B22])^

mRNA expression analysis
------------------------

For real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR), total RNA was isolated from liver using an RNeasy Mini Kit (Qiagen, Valencia, CA),^([@B23])^ eluted with 30 µl RNase-free water, and stored at --80°C until use. To quantify the expression level of genes, the mRNA levels for catalase (*Cat*), glutathione peroxidase 1 (*Gpx1*), superoxide dismutase 1, soluble (*Sod1*), superoxide dismutase 2, mitochondrial (*Sod2*), actin, beta (*Actb*) in liver were determined with a 7300 Real-Time PCR System (Applied Biosystems, Carlsbad, CA). This system allows real-time quantitative detection of PCR products by measuring the increase in fluorescence caused by binding of SYBR green to double-stranded DNA.^([@B13],[@B14])^ In brief, cDNA was made using a Ready-To-Go T-Primed First-Strand Kit (GE Healthcare) from the total RNA in liver. The cDNA was subjected to PCR amplification using SYBR Premix Ex Taq (Perfect Real Time) (Takara Bio, Otsu, Japan) and gene-specific primers for *Cat*, *Gpx1*, *Sod1*, *Sod2*, and *Actb* (Table [1](#T1){ref-type="table"}). The PCR conditions were 95°C for 10 s, and then 95°C for 5 s and 60°C for 31 s over 40 cycles for each gene. Melting curve analysis was performed following each reaction to confirm the presence of only a single reaction product. The threshold cycle (C~T~) represents the PCR cycle at which an increase in reporter fluorescence above a baseline signal can first be detected. The *Actb* content in each sample was used to normalize the results.^([@B24])^

Biochemical analyses in plasma and liver
----------------------------------------

The lipid compositions in the plasma and liver were measured as described previously.^([@B25]--[@B27])^ Triacylglycerol (TG) and total cholesterol (TC) levels in plasma and liver, and phospholipid (PL) levels in plasma were measured using commercial enzyme kits (Wako Pure Chem. Ind. Ltd., Osaka, Japan) according to the manufacturer's protocol. PL levels in liver were determined using the method described by Rouser.^([@B28])^

Statistical analysis
--------------------

Results are expressed as means ± SE. Data were compared between 12ApoE^−/−^ and 52ApoE^−/−^ or 12WT and 52WT. Unpaired two-tailed *t* test was used to analyze differences between two groups. A difference was considered to be significant at *p*\<0.05.

Results
=======

Effects of aging on lipid peroxidation in plasma and liver of ApoE^−/−^ mice
----------------------------------------------------------------------------

To investigate the age-dependent changes in lipid peroxidation in ApoE^−/−^ mice, TBARS in plasma and liver were measured at ages 12 weeks (young) and 52 weeks (early stage of senescence) (Fig. [1](#F1){ref-type="fig"}). As a control, TBARS in plasma and liver of WT mice at ages 12 and 52 weeks were also measured. The plasma TBARS level in the 52ApoE^−/−^ group was 642% of that in the 12ApoE^−/−^ group, showing a significant increase with age. In contrast, there was no significant difference between the 12WT and 52WT groups. The liver TBARS level in the 52ApoE^−/−^ group was 138% of that in the 12ApoE^−/−^ group, also showing a significant increase with age. Again, there was no significant difference between the 12WT and 52WT groups. These results show that TBARS in plasma and liver of ApoE^−/−^ mice were increased by aging, indicating that lipid peroxidation is promoted by aging in ApoE^−/−^ mice.

Effects of aging on antioxidant enzymes in liver of ApoE^−/−^ mice
------------------------------------------------------------------

The promotion of lipid peroxidation in plasma and liver of ApoE^−/−^ mice by aging suggests that the antioxidant capacity in these mice is impaired by aging. Therefore, the expression levels of antioxidant enzymes in liver were measured using Western blot analysis (Fig. [2](#F2){ref-type="fig"}). SOD catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide. The SOD1 level in the 52ApoE^−/−^ group was 35% of that in the 12ApoE^−/−^ group, showing a significant decrease with aging, whereas there was no significant difference between the 12WT and 52WT groups. Similarly, the SOD2 level in the 52ApoE^−/−^ group was 70% of that in the 12ApoE^−/−^ group, again showing a significant decrease with aging, with no significant difference between the 12WT and 52WT groups. CAT catalyzes the decomposition of hydrogen peroxide to oxygen and water, and GPx1 catalyzes the decomposition of the hydroperoxide group to a hydroxyl group and hydrogen peroxide to water. Changes in CAT and GPx1 levels with aging were not observed in ApoE^−/−^ or WT mice. However, the decreased levels of antioxidant enzymes SOD1 and SOD2 in the liver of ApoE^−/−^ mice with aging suggests that lipid peroxidation in plasma and liver was promoted because of a reduction in antioxidant capacity in older ApoE^−/−^ mice.

Effects of aging on mRNA expression of antioxidant-related genes in liver of ApoE^−/−^ mice
-------------------------------------------------------------------------------------------

To examine the mechanisms underlying the reduced antioxidant ability in liver of ApoE^−/−^ mice with aging, the mRNA levels of enzymes concerned with antioxidant systems in the liver were measured using qRT-PCR (Fig. [3](#F3){ref-type="fig"}). The level of *Sod1* mRNA in the 52ApoE^−/−^ group was 76% of that in the 12ApoE^−/−^ group, showing a tendency for a decrease with age (*p* = 0.11). Similarly, the *Sod2* mRNA level in the 52ApoE^−/−^ group was 74% of that in the 12ApoE^−/−^ group, also showing a tendency to decrease with age (*p* = 0.07). The *Cat* mRNA level in the 52ApoE^−/−^ group was 52% of that in the 12ApoE^−/−^ group, showing a significant decrease with age; and the *Gpx1* mRNA level in the 52ApoE^−/−^ group was 65% of that in the 12ApoE^−/−^ group, showing a tendency to decrease with age (*p* = 0.06). Similar changes in these mRNA levels were not observed with aging in WT mice. These results show that the mRNA levels of enzymes concerned with antioxidant systems in the liver of ApoE^−/−^ mice are decreased by aging, which suggests that reduced antioxidant activity is caused by lower gene expression levels in ApoE^−/−^ mice.

Effects of aging on the lipid composition in plasma and liver of ApoE^−/−^ mice
-------------------------------------------------------------------------------

To investigate the age-dependent changes of lipid metabolism in ApoE^−/−^ mice, the lipid composition in the plasma and liver were measured at ages 12 and 52 weeks (Table [2](#T2){ref-type="table"}). Changes in plasma TG, TC and PL levels with aging were not observed in ApoE^−/−^ or WT mice. Similarly, there were no changes in liver TG, TC and PL levels with aging in ApoE^−/−^ and WT mice. These results indicate that lipid metabolism is unchanged in ApoE^−/−^ mice between 12 and 52 weeks.

Discussion
==========

In this study, we investigated whether lipid peroxidation is promoted by aging in ApoE^−/−^ mice. TBARS in plasma and liver of ApoE^−/−^ mice at 52 weeks of age were significantly higher than those at 12 weeks of age. In contrast, TBARS in plasma and liver of normal (WT) mice were not changed by aging (Fig. [1](#F1){ref-type="fig"}). Thus, the results revealed that age-dependent promotion of lipid peroxidation in ApoE^−/−^ mice can be attributed to deficiency of ApoE. In addition, the levels of antioxidant enzymes in liver of ApoE^−/−^ mice were decreased by aging, leading to reduced antioxidant capacity (Fig. [2](#F2){ref-type="fig"}). Overall, these results suggest that lipid peroxidation in ApoE^−/−^ mice is promoted because of reduction of antioxidant capacity by aging. Some previous studies examined relationship between ApoE deficiency and lipid peroxidation. Most of them, however, discussed oxidative stress among experimental groups in ApoE^−/−^ mice at the same age.^([@B29],[@B30])^ In this study, we first demonstrated "age-related" reduction of antioxidant activity and "age-related" promotion of oxidative stress in ApoE^−/−^ mice.

In this study, protein expression levels of SODs that are antioxidant enzymes were significantly reduced by aging in ApoE^−/−^ mice (Fig. [2](#F2){ref-type="fig"}A). It was reported that SOD1 protect organisms against oxidative stress.^([@B31],[@B32])^ Therefore, the possibility that the reduction of SOD1 activity promotes lipid peroxidation is high. Since SOD2 protects against oxidative stress and endothelial dysfunction in the carotid artery of ApoE^−/−^ mice, SOD2 deficiency increases endothelial dysfunction.^([@B33])^ Since the promotion of lipid peroxidation shortens lifespan,^([@B34])^ it was suggested that long-term depression of SOD activity shortens lifespan. In addition, it was thought that additional aging decreases antioxidant activity and promotes lipid peroxidation further since ApoE^−/−^ mice at 52 weeks of age are early stage of senescence.

ApoE binds directly to 4-hydroxynonenal and has a protective effect against lipid peroxidation.^([@B35])^ Therefore, lipid peroxidation may be promoted by aging in ApoE^−/−^ mice because of the absence of this protective effect of ApoE. Thus, it was suggested that absence of protective effect of ApoE increases oxidative stress to impair the tissue function, change the cellular function and impair the antioxidant ability. Therefore, these changes of cellular functions due to oxidative stress in ApoE^−/−^ mice might have decreased liver mRNA expression of antioxidant-related genes with aging, and oxidative stress in ApoE^−/−^ mice might further promoted. Another possible reason for reduction of antioxidant enzymes in 52ApoE^−/−^ group is that participation of nuclear factor erythroid 2-related factor-2 (*Nrf2*) that regulates gene expression of antioxidant relative genes. *Nrf2* is negatively regulated by kelch-like ECH associating protein 1 (*Keap1*) and kept in cytoplasm.^([@B36])^ To activate *Nrf2*, it must be dissociated from *Keap1*. Although cysteine residues in *Keap1* play an important role in this regulation,^([@B37])^ in senescent ApoE^−/−^ mice, the antioxidant system may be impaired by the trouble of activating *Nrf2* because of failure in modification of cysteine residues.

In SAM mice, oxidative stress increases with aging and promotes senescence.^([@B3],[@B4])^ We previously found that TBARS levels in plasma and liver were increased by aging in the SAM mice.^([@B5],[@B6])^ The finding in this study that lipid peroxidation was promoted by aging in ApoE^−/−^ mice suggests that this effect promotes senescence and shortens lifespan.

In this study, plasma TBARS level in ApoE^−/−^ mice was lower than that in WT mice at 12 weeks of age (Fig. [1](#F1){ref-type="fig"}). Plasma high-density lipoprotein (HDL) level in ApoE^−/−^ mouse is much lower than that in WT mice.^([@B9])^ And, HDL has a higher susceptibility to lipid peroxidation than low-density lipoprotein (LDL).^([@B38]--[@B41])^ Therefore, since plasma TBARS level derived from HDL in ApoE^−/−^ mice is lower than that in WT mice, ApoE^−/−^ mice must have indicated lower plasma TBARS level than WT mice at 12 weeks of age. Moreover, liver TBARS level in ApoE^−/−^ mice was also lower than that in WT mice at 12 weeks of age (Fig. [1](#F1){ref-type="fig"}). It may be because liver lipid level in ApoE^−/−^ mice was lower than that in WT mice. It was reported that ApoE^−/−^ mice exhibit delay of triglyceride clearance from plasma and protective effect against hepatic triglyceride accumulation.^([@B42])^ Therefore, ApoE^−/−^ mice must have indicated lower liver TBARS level than WT mice at younger age. And, it was thought that oxidative stress was increased because of promotion of lipid peroxidation with aging in ApoE^−/−^ mice.

In plasma, the possibility that the fatty acid that exists as cholesterol ester was oxidized and plasma TBARS was increased was also thought. Further study is needed to clear these points.

In this study, TBARS assay was used to measure lipid peroxidation. TBARS assay is not enough to measure lipid peroxidation completely. However, this assay is widely used as a metrology of lipid peroxidation and many reports discuss lipid peroxidation by this assay.^([@B43]--[@B46])^ In this study, we additionally measured protein and mRNA levels for antioxidant enzymes and indicated promotion of oxidative stress in ApoE^−/−^ mice. In addition, to study about relationship between changes in antioxidant system and lipid peroxidation in detail, it may be effective to examine antioxidant levels (tocopherol, SOD, etc.) in plasma.

We also examined age-dependent changes in lipid metabolism in ApoE^−/−^ mice. Lipid metabolism in plasma and liver was not changed by aging in these mice, which suggests that there is little change in lipid metabolism in the early stage of senescence (Table [2](#T2){ref-type="table"}).

In conclusion, our results suggest that antioxidant activity was reduced and lipid peroxidation was caused by aging in ApoE^−/−^ mice. So lipid peroxidation caused by age-dependent reduction of antioxidant activity in ApoE^−/−^ mice may promotes senescence and shortens lifespan. Therefore, inhibition of accumulation of lipid peroxide may delay senescence and increase lifespan. It was reported that long-term intake of vitamin E, one of the major antioxidant, prevents the liver and the brain from lipid peroxidation and improves survival.^([@B47])^ Therefore, it might be effective to prevent lipid peroxidation by long-term intake of antioxidants to prevent shortening lifespan in ApoE^−/−^ mice. Furthermore, ApoE may have a beneficial role in life extension, and further studies of ApoE may provide useful knowledge for development of methods to delay senescence.
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![Effects of aging on expression of SOD1, SOD2, CAT and GPx1 proteins in the liver of ApoE^−/−^ mice (A) and WT mice (B). Expression levels were measured by western blotting. The β-actin content in each sample was used to normalize the results. Upper sides represent quantitative value and bottom sides show graphic data of each enzyme. Values are means ± SE, *n* = 5--9. \**p*\<0.05 (vs 12-week-old mice).](jcbn12-85f02){#F2}
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###### 

Primer pairs used for the quantitative RT-PCR analysis

  Genbank ID   Target gene               Primer    Primer sequence (5\'-3\')
  ------------ ------------------------- --------- ---------------------------
  NM_007393    *Actb*                    Forward   GAAATCGTGCGTGACATCAAAG
  Reverse      TGTAGTTTCATGGATGCCACAG              
  NM_009804    *Cat*                     Forward   AGCGACCAGATGAAGCAGTG
  Reverse      TCCGCTCTCTGTCAAAGTGTG               
  NM_008160    *Gpx1*                    Forward   AGTCCACCGTGTATGCCTTCT
  Reverse      GAGACGCGACATTCTCAATGA               
  NM_011434    *Sod1*                    Forward   AACCAGTTGTGTTGTCAGGAC
  Reverse      CCACCATGTTTCTTAGAGTGAGG             
  NM_013671    *Sod2*                    Forward   CAGACCTGCCTTACGACTATGG
  Reverse      CTCGGTGGCGTTGAGATTGTT               

*Actb*, actin, beta; *Cat*, catalase; *Gpx1*, glutathione peroxidase 1; *Sod1*, superoxide dismutase 1, soluble; *Sod2*, superoxide dismutase 2, mitochondrial.

###### 

Effects of aging on lipid parameters in plasma and liver

               12ApoE^−/−^   52ApoE^−/−^    12WT          52WT
  ------------ ------------- -------------- ------------- -------------
  Plasma                                                  
   TG (mM/L)   0.61 ± 0.06   0.77 ± 0.04    0.62 ± 0.03   0.60 ± 0.04
   TC (mM/L)   9.59 ± 0.49   11.17 ± 0.48   0.98 ± 0.06   1.20 ± 0.09
   PL (mM/L)   0.16 ± 0.02   0.18 ± 0.04    1.28 ± 0.08   1.51 ± 0.08
  Liver                                                   
   TG (µM/g)   46.3 ± 6.1    45.8 ± 13.7    78.0 ± 7.9    57.6 ± 6.2
   TC (µM/g)   8.97 ± 0.28   9.94 ± 0.68    5.41 ± 0.50   5.45 ± 0.39
   PL (µM/g)   30.3 ± 0.5    29.8 ± 1.0     26.0 ± 1.9    24.3 ± 1.2

Groups between the same strains were compared. Values are shown as means ± SE, *n* = 5--9. TG, triacylglycerol; TC, total cholesterol; PL, phospholipids.
